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This Is an interim progress report oan a U.S. Army Natick Res•arch,

Development, and Engineering Center (Natick) study of the response of

clothing materials to shock waves. The objective of the study Is to

determine why certain garments (in particular, the Personnel Armor System.

Ground Troops (PASGT) ballistic protection vest) mn to increase the risk

of direct air blast injury.

Pour areas were reviewed: blast wmve characteristics, blast biology,

blast protection, and blast attenuation by porous and compressible

materials.

A numerical model of the chest-lung system wme adapted for evaluating

the effects of different saterials covering the chest. The model ws used

to compare the internal lung pressure when the chest was covered with

KewlarO, and when it ms covered with cotton cloth.

Plans for acquiring further mterial property data in shock tubes were

outlined. Further testing will Include Kevlar* 29 and 49, IonmzO,

ballistic nylon, Spectra@ polyethylene, and ot.ton cloth. Testing wIll

include high rate mechanical compression testing in addition to the shock

tube study.
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The work described L this report was conducted under the Materials

for Pressure Pulse Prot tion project (1L162723B980CC26) under the

direction of the Naterial Research aud Engineering Division, Individual

Protection Directorate, .S,. ".uy 1atick Essearch, Developnent, and

Engineering Center. between larch and June 1989.
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This report contains egistered tradenames 0. Citation of tradenams
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products.
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IR&'O OF CLUMINIG EArEIWS TO AM El VATES

1. ?RODOCTIGI

OBNJCT I'V

The Objective of the work described in this report is to determine how

bla&t waves interact with soldiers' fibrous body armor. There is some

evidence (described later In greater detail) that soldiers wearing fibrous body

armor are more vulnerable to injury from blast waves than personnel who are

not wearing the armor. The materials in the fibrous body armor apparently

cause the blast wave to couple more efficiently with the soldiers chest, thus

increasing the risk of injury. This "blast amplification effect', if it truly

exists, may be a consequence of the layered construction and fiber properties

of the present body armor. It's important to know what the material

properties of fibrous armor materials are and how these materials attenuate

and transform the blast wave before it reaches a soldier's body.

DIRECT BLAST THREATS

Fibrous body armor is designed to protect soldiers from the most

dangerous battlefield threat -- fragments. By far, most battlefield casualties

are due to high velocity projectiles from bomte, mines, and guns, rather than

from direct air blast effects. The current body armor, the Personnel Armor

System, Ground Troops (PASGT), is constructed of 13 layers of Kevlar4 29 cloth

sandwiched between an inner, and outer nylon shell fabric. The PASGT vest

provides a high level of ballistic protection without greatly hindering the

soldier's mobility and effectiveness. However, the PASGT vest was not designed

to protect against direct blast effects.



Soe battlefield threats to the soldier do involve direct blast. If the

PA3T vest Increase the risk of blast injury, then the mgnitude of the

Increased risk needs to be known. Three direct blast threts to ground

troop, aside from convectional bomb blasts, are discussed below.

Fuel-Air Explosives (PAR) are a battlefield threat which my becmre more

important in the future . . Canisters of a fuel such as ethylens axide are

explosively dispersed to form a low disc-shaped cloud over the battlefield.

After a short delay to allow sufficient fuel-air sixing, the cloud is detonated

to produce a high intensity blast wave over a very wide area. Blast

overpressures withir the cloud can be as high as 300 psi. InJuries can re•lt

from overpressures in the range of 10 to 20 psi. Damage and casualties from

an FAR explosion are due to direct air blast effects and can be produced quite

far away from the FAE cloud.

Another blast threat to soldiers is from the nuzzle shock wave produced

during large gun firings. Under some conditions, the 155 ma N1i2E3 Howitzer,

for example, can produce a peak overpressure of nearly 10 psi at the

operator's " position. There has been some concern that repeated exposure of

personnel to high intensity gun muzzle blast waves could produce cumulative

damage injuries to gun operators. Operators wearing the PASGT vest might be

even more vulnerable to cumulative damage effects if their body armor

amplifies the blast wave.

Tank crews are usually well protected from fragments but may be exposed

to blast waves In certain situations. Crew members do not wear the PASGT vest

but use a similar body armor vest design having eight layers of a lighter

2



owlar* cloth. Tank crews are In very confined spae. Blast waves

diffract Into a crew compartment through op batches ad will be intensified

through reflectian off walls and flcuzss. Crew members axpomad to much

omnplex shock waves could thus also be vulnerable to body armor blast wave

amplification.

Por the purposes of this report no d1w inction will be made betwes the

different threats. Each involves the interaction of an air shock wave with the

vest material and human body. Important bla'ft wave characteristics such ma

peak overpressure and duration, defined later, win be used to look at vest

material response, without worrying about what caused the blast.

3



2. BACiODEUI AND MINT OF ?U Y100 3 VM1

The characteristics of blast waves are reviewed first. This wil provide

a background far understanding data reported in previo wk s th.

intaraction of blast waves with fibraus matarials and the hman body.

CIARACTUISTICS OF BLAST WIAVS

Blast waves are generated from the rapid exmplma of posg following an

eplomsiun. A shock front travelling faster than the speed of ommd propagatis

out in all directions from the explosion source. The time history of pressure

some distance out f" a the meplosion is shown In Figure 1.

OVERPRESSURE

P so •" •ATMO0SPHERIC

S RESSURE

P0  -- --- -

t4. d~ TIME

Figure 1. Blast wave pressure-time history.

Blast waves are commonly identified in terms of the peak ovepreesure

(peo) and the positive pulse duration (Ug). The ovtrp-essue can be thought

of as the "strength of the blast wale and represents the highest presise

above atmospheric presnure attained by the blast wave. An the blast wave

spreads out from the source, the peak ovarpresure decays to lower values and

the wave duration becomes longer until the shock "ave degenerates into a sound

wave.
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Both the peak erm.ps po. and the positive puIle duration, tU. md

to be known before thU effects of blast waves an people or structures can be

detArmined. Two blast waves with the same peak u~rprinure, but having

different pulse durations, will have different effects an the structures they

Interact with since the pressure isn't acting an the structures for the sane

amount of time.

Figure I aplilies to ideal blast waves that have not Interacted with any

structures. The ideal pressure-time curve is also called the aid==

overpressure. It is equivalent to the pressure that would be measured from a

pressure gauge with its flat sensing diaphragm aligned 'parallel to the

direction of pitpagation of the blast wave. If a pressure gauge in aligned with

the diaphragm face-on to the blast wave, the overpressure is called the

refleted overpressure.

It is important to distinguish between these two types of measurm•nts of

blast wave overpressure since they will not agree. They do not agree because

blast waves are shock waves and do not behave like normal sound waves.

When a blast wave hits a rigid wall face-on the wave is reflected back

into the uplpsite direction. Since the region behind the shock front is

already at a higher pressure rtght at the wall, the reflected shock is now

propagating back into a medium that is no longer at atmospheric pressure but

Is at a pressure approximately the same as the peak overpressure of the

crigmaal shock wave. The peak overpressure right at the wall is thus at least

twice the original side-on peak oveiprm ure of the original shock wate. This

priss is represented schematically in Figu•e 2.

5



INCIDENT SHOCK REFLECTED SHOCK

Po Po Po + Pso

PO Po Pro

'777 77'777

Figure 2. teflection (p..) of air shock wave from a rigid wall.
pa u Atamopheric pressure; pea a Side-os oav-rmsurs.

The meursemnt of peak reflected oarprisute, with the smsm auge

face-on to the blast wave, In identical to the ca of a shock wave reflecttng

off a rigid wall. The pressure sensing elemset of a face-c Sauge reflects the

shock and thus m tsures an overprmeure at least twice the side-os

overprours. An ideal blast wvse m*asured with both a side-as and face-os

gauge is shown in Figure 3.

p\

Pigur- 3. SidW-on and facw-ou (reflerted) seam ur"aents of an Ideal blast
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It ts very important to distinguish between the side-as over pe emua po.

and ref lected ovrr.a e p.. Is sae cases one my want to treat the blast

wave an a hydrostatic pressure eawo and as how it amnpr.s a structure.

In this case ass would probably uee the side-on oavepreemure pea and ignore

the dynamic effects. In other caese the pressure loading as the front fe of

a structure due to blest wave reflection In mome Important and one would u-

the reflected overpreswure. In ease of the work reviewed later in this report

as the Interaction of blast waves with people, one appromoh or the other Is

taken, sometimes with little justification for doing so. In somen cae ide-os

overreeure are reported and compared to face-cas overpressures without

distinguishing between the two types of measurement.

For low Intensity blast waves (lea.& than 100 psi overpressure), which

cover the range of interest for~ this report, the relatibeasip between the

peak reflected overpressure p.o and the peak side-on ovesprure Poo Is

given by':

pro. 2ps. + (1pa+Zp 1

where I is the, specificheast ratio of the fluid medium. Par air, in. 1.4.

Assuming an atmospheric, pressure pe.of 14.? psi, the dynamic pesr

relation (1) reducses to:

p,. (psi) 2 pe. + 6 103 (2)
pe, 10



For small amerpreomn a the peak reflected proem"n can be assumed to be

twice the peak static amerpiramwe. As the blast straenb increaes tbough,

the reflected pressurwe tvis lonIcger approximately twice the sider-cm

Wv= rpra ie but increases at a faster rate. For example, the reflected

overpes some of a blast wavs from the heaviest 155 sm mortar, which cam have

an omapressuze as high as 10 pW, is nat double that (20 psi), but Is moms

like 25 psi when calculated with equation 2.

*Th* peak side-on oerpreseure and the peak reflected overpressure do noat

take Into account the momentum of the air behind the shock front. The dynamic

over-pressure, pwo, Is proportional to the sqwuae of the air velocity? and Its

density. It can provide a better measure of the blast loads applied to

structures where the &&S a force associated with air motion in important.

The dynamic pressure, po, is related to the side-ce overpressure peo by 6:

For small side-on over-pressures the dynamic pressure is Insignificant

compared to the peak over-presure due to the blast wave and its reflection,

but the dynamic pressure can persist for a longer period of times.

It In often demsirable to mathematically deix-ribe a blast wave so that It

can be Incorporated into a model. Later in Whe report Ideal bleast waves are

Input into a computer mc-lel of the human chest to detart-ne a person's

response to different OidealO blast waves.



PFr blast waves of low than about 30 pai side-on overpr:eua, the

intanta s values of side-o ove rpri-sure and dynamic overpri ur M a

function of time can be approximated by ':

ps(t) z peo( 1 - t/t•O ) a(-t/teO) (4)

d(t) Z pW( 1 - t/t•e )2 (-2/tl.) (5)

where pe(t) side-on overpriasre at any time t, 1ib/m

pi(t) * dynamic prsure at any time t, lb/in'

t = any tiUe after the initiation of the blast pressure

(Mor side-on overpressures le than about 30 psi, tdo is approximately

equal to 1.5 too.)

Equations (1), (2), and (4) are used later on to simulate blast waves

impacting a computer model of the human chest. They allow all side-on and

dynamic properties to be calculated from an assumed peak side-on ovexpressure

and positive phase duration.

One more blast wave characteristic needs to be defined. An described

above, an upper limit to blast loads is obtained if a rigid wall reflects a

normal shock wave. The integral of the positive reflected blast overpressure

curve, p.(t), is the reflected specific Impulse I, 7.

t.- tp
I, ( p.(t) - p. )dt (6)

J9
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The reflected specific impulse IU takes into account the effect of blast

duration. It is equivalent to a farce-time product, and is often needed when

analyzing blast loads on structures.

BLAST BIOLOGY

The study of blast effects an people is complicated by the intxsactioans

of shock waves with the irregularly shaped human body. Blast wave diffraction

around the body results in a complex loading process. Figure 4 illustrates

how a blast wave interacts with an irregularly shaped object.

Initially a porti-a of the blast wave is reflected from the front of the

object. The outer parts of the shock wave continue on and diffract around to

the rear, where they are greatly weakened. Rai efaction waves move across the

front face and reduce the peak pressure of the reflected shock while vortices

form at the rear of the object. The complicated gas flow following the shock

front passage continues to load the object for same time.

/

Figure 4. Shock wave interaction with irregularly shaped object.

(from Reference 8)

10



Scientists studying blast biology are faced with a tremenadously difficult

analytical problem. Even if the zternal loading on the human body can be

estimated in some way, the mechanical response of the body% internal

structue to blast loading Is even more difficult to determine. Great progres

In analytical methods has been made, particularly with the recent application

of finite element modeling, but the most reliable data have been built up over

many years of careful experimentation involving laboratory animals.

Blast overpressure damages the body most where large density, difftrences

are present. The lungs and the intestines are the vital organs most

susceptible to blast overpressur. The chest wall Is rapidly compressed

during the passage of a blast wave. The sudden acceleration, deceleration, and

oscillations due to chest wall compression, combined with direct shock wave

transmission, reflection, and focusing in the body tissues, are the causes of

blast tissue injury.

Two groups, one in Sweden'*-"', 'nd the other at the Lovelace Foundation

in the U.S.'-1", have done most of tse basic work defining the response of

mammnals to blast waves.

These groups have established that the most important factors in direct

blast injury are the ambient' pressure, peak overpressure, pressure rise rate,

pressure pulse shape, duration of the positive phase of the blast wave, and the

orientation of the body with respect to the blast.

11



The work of these groups has resulted in human •orpreassmT tolerance

curves, which are tmed to prepare expowsw limits for pwm nnyele. pguz-e 5 Is

an example of an typical expoure curve.

_ - , , - ,• ! ,! i I , II I~l I I I illI I I I

S.. 2~ .\+ I: • "f"•• • --% --O - R' SJJ

4I0

S70 - ---.-- *-7

40__________-4

IOLI

02 04 071 ,7 4 0 00 40 70IO 2to 400 700 low o 2 1 •0%

OUPATION VO POSITIVE INCIDENT OVERPRESSUIRE mite

Figure 5. Exposure limit curve for humans away from reflecting surfaces.

(From Reference 16)

There curves are based on abundant da*A from 13 animal species of

various sizes. Similar tolerance curves have been prepared for situations in

which a person is standing next to a wall and is exposed to a reflected shock

wave.

The injury criteria are based on lung damage and do not consider

intestinal or ear damage. The threshold injury curves assume that 1 percent

of the people exposed would be casualties.

12



IODELING OP CHrT USPOISI TO BLAST VAYNS

Extrapolating experimental animal test results to people allowed relative

human exposure limits to be developed. Efforts to model the physics of blast

wave interaction with the chest and lungs are based on the actual mechanics of

the shack wave's interaction with the human body. Chest models are much more

prumtting tools than animal experiments if one wants to look at the effect of

changing things like the shape of the pressure pulse or adding a fabric layer

to the chest wal).

Lumped-parameter models of the human body, consisting of springs,

dasbpots, gas-filled chanbers, and pistons, have been developed over many

years. There is evidence that the human chest-lung system behaves like a

damped oscillator under pressure loading. In fact, the natural frequency of

the human chest-lung system has been determined to be in the range of 40 to

60 cycles per second". This means that blast waves with a duration

comparable to the natural period of the human chest are able to couple more

efficiently with' the chest and lungs, thus causing a higher internal lung

pressure, which correlates with an increasing chance of injury.

A model developed at the Lovelace Foundation", in conjunction with

animal testing, correlates well with experimental results for simple blast

waves. This model has also ,been applied to analyzing the effect of complex

blast waves on people 2 1 . A simplified version of this model is described

later in this report, where it is used to determine the effect of a Kevlar4

vest on the blast response of a human chest. However, the parameters upon

13



which these models are based are still found largely thriugh aetrapolatis

from experimental results.

Finite element models of the chest have also been developed:e. These

models include the important structural elements of the chest and lungs,

together with appropriate tissue properties. These models plac the rib,

lungs, heart, and skeletal muscles in their correct configuration and load the

structure with a blast wave. The finite element models eeem to perform well

as predictors of lung response to blast overprsure. Their advantage Is that

they are based on fundamental engineering principles, require less calibration

with experimental results, and are mare amenable to analyzing the effects of

variables, such as ballistic vests covering the chest.

14



MASr PzOwwCTI

People can be protected from blast effeots If they are behind rigid walls

or within enclosures. Rigid vests enclosing the chest have also been shown to

be a good way to protect people against blast waves .

Soft materials do not have a similar protective effect. At first glance,

it seems obvious that foam rubber would cushion a blast wave and reduce blast

injuries. On the contrary, workers in Sweden found that layers of sponge

rubber covering rabbits and anthroposetric mannikins significantly increased

blast wave effects over the unprotected condition 24. Soft materials do not

offer much protection from blast and often seem to increase the damage.

The Valter Reed Army Institute of Research (VRAIR) clearly demonstrated

the blast-enhancing qualities of ballistic vests in work conducted over the

past few years. In one study 26, human volunteers were exposed to low level

blast waves. The volunteers' internal lung pressure was measured during tests

in which the volunteers wars different types of protective clothing. The study

showed that the PAST ballistic vest caused the greatest increase in internal

lung pressure. This Implies that the ballistic protettion vest would increase

the risk of lung damage at higher blast levels.

VRAIR extended this study to cover higher blast overpress•urs. Sheep

were exposed to various blast levels. Half of them were fitted with actial

PASGT vests (size larget). The level of lung damage was measured by the

percent increase in lung weight of the sheep, which was assumed to be directly

related to blast damage. The sheep wearing ballistic protection vests showed

15
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signific antly higher internal lung prein esi, hhr mortality rates, and mote

lung damage, than sheep not wearing the vests.

Figure 6 is taken from this study and shows how the ballistic protection

ves (CBV in the figure) decreases the blast level needed to caume deeth. The

authors of this study estimated that the use ofU the PAgGT reduoed the

overpressure necessary to obtain a given level of mortality by 25%.

a. U.

?00o 100
C C

So 3 * "03
• soso3

w wl300 GeV IL

o 100. 0
20 <

900 L

- 10
1 10 50 90 99

PERCENT LETHALITY

Figure 6. Plot of % lethality vs. overpressure exposure level
(Prom Reference 26, p. S151)

The authors suggest the mas of the vest is insignificant but that the

larger surface area it presents to the blast wave may be important. Perhaps

most important is the transformation of a steeply rising blast wave to a more

slowly rising waveform as the wave is transmitted through the vest. The vest

might convert the blast wave into a form which couples more efficiently with

the natural period of the chest-lung system, cited previously to be 25-15 usec

(40-060 Hz).

16
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0TU ACT I'N OF nO YATE Vu vu ADl can 3 l rnULS

Fibrous body armor does not protect against blast ovyrpreosse; "Aded,

moft body armor can Intensify blast lung damage. Is this property of body

armor uniqvae to Kevlarb fabric or would it be true of all campres ible

materials?

There Is a large body of literature on the shock wave attenuation

characteristics of porous materials. luch of it has to do with the blast

attenuation properties of aqueous foams, but some measurements are applicable

to-the soft body armor problem.

Shock tube test data are available for many types of foams, metal felts,

steel and copper wool, cloth (including Kevlare, polypropylene, Ncmex*),

betting (including Kevlar'3), and insulation materials 27-20. In general, these

studies were concerned with how well materials reflect and transmit shock

waves. The studies noted that compressible materials have a smoothing and

stretching effect on the leading edge of the shock wave. This means that

after a blast wave passes through a compressible material it has a more

rounded shape, which can couple more efficiently with the human chest.

Rxtensive shock tube testing on Kevlare 29 fabric and cotton cloth was

carried cort by the JAYCOR company for the U.S. Army Medical R&D Comnand".

Fabric backed by a rigid plate was exposed to blast generated in a shock tube.

A face-on pressure gauge recorded the pressure-time curve under the fabric.

Since the gauge was face-on, it recorded tb2 reflected overpressnr under the

fabric. The JAYCOR study covered a range of blast overpressum levels and

17



looked at the effect of the amber of cloth laien for bath the Kavlar eand

cottom fabrics. An the number of layers was iacreasd the peak presswe

masursd under the fabric also increaed. After 20 to SO layers, tbe poak

piessure began to decline again. The JAYCOR data also sbowed the smoothing

effect that transmission through soft materials has an blast waves. A maple

oscilloscope trace of the presue for a typical test Is ahawa In Figure T.

Figure 7. Oscilloscope trace of 20 layers of levlarD fabric exposed to 3 pas

overpressure. Large trace is pressure under Kevlar- (peak of 30 psi); small

trace is incident and reflected shock wave; pso = 3 psi, po = 6 pas.'

The JAYCOR data is used later in this report as an input load ta the

computer model of the human chest.

The pressure amplification effect and ýhe wave form smoothing effect seen

in tLe JATCOR experimental results have been investigated independently by

workers in the U.S.R. Experimental work on the interaction of shock waves

with compr%sAible materials such as polyurethane foam was used to verify

numerical modeling experimente30- °.

18



The modeln predicts the peak prese and wave-frsn of the reflection

pressure very veil. That Is intersting about the Russian work is that the

foam can be modeled as a pseudogas by a method developed is the U.S.. This

method Is also applicable to the Kevlar@ fabric layers. The only properties

required are the volume 'fraction of fiber, the apparent density of the fabric.

and the specific best of the solid polymer.

A plot of as meprimet on polyurethaze fans is shown Is Figure 8. A

piece of foam Coer an end plate oa the and of a shock tube. Curvs 1, and 2

are the experimetal and theoretical pressure under the foem layer. This in

similar to the Hind of, trac men In the JATYOR Isoric experimnto. Curves 3

and 4 are the side-on overpressure blast traces. The side-cm gauge in the

ustan, expertments was farther away from the end plate, than in the JAYCOR

exeriments, so there was a longer delay in the reflected pressure trace.

pp.

i 'I

0 .?

Figure 8. Theoretical and experimental prss.ure profiles under a layer of
compressible material backed by a wall. Te is a reduced time variable
incorporating layer 'thickness and Incident shock wave velocity. pto is the
"expeced reflection overpressure in the absence of the material. p/p. is the
ratio of incident overpressure to ambient pressure. p** is the pressure under
the compressible layer (from Reference 30).
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The calculation schema and system of son, immemtum, eamrff,

cameervation, and " dynamic equations arm outlined in sufficient detail ia

theme roferv'e so that the numerical model cculd be adapted to the Kelar*

work. This would make determining the affect of differest matmial variables

aS blast wave smoothing and stretching much mssier. Tbam models prebably

would not help much In determining the cause of the layeria6 effect dic ewwd

by JAYCOR, since the models treat the compressible material as a h

mixture.
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3. APPROACH

The response of mnaterials to air shock waves Is the major focus of this

study, not human chet model development. The coputer model described balm.

is used only as as evaluation method to lac~k at the differsnces between

materiels.

The approach relies as-both modeling sad expermaent. Smoc tube teting

of compiasaib~le materials Is relatively straightforward. The esper imeatal data

generated In the testing effort provides the load function for Input, into the

human clust model. The experi'mental -date Includes that alreay available in

tbhe liter aturw as well as data that will be generated under this project. The

human cheat modal ia WNed to- evaluaet the effect of different chest coverings

on chest response ,to a given blast wave.

The human chest model- will be decribed first. Then the available

experimental data and plans for future tes ting will be sumarwised'. Ixamples

of how the experimental data ame used will be shown. Possible ways to

redefine the standard exposure limits. for personnel based an the material the

ballistic vest is made of will also be demonstrated.
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NVMA CUB? NODEL

The lumped parazeter chest model dmribed below was developed by the

Lowelaca Foundation, as described earlier 2. This besic model was simplified

somwewhat by Dolt, Beranek, and Newman, Inc. (BBI) under a previous Netick

ADuaM I Center project ". The present computer model Is wvry similar to the

ome used by BRN is that project. The model schematic is shown in Figure 9.

CHEST WALL MASS, M

AN4

A eo

Fiur iitiLumgee- volumete oe of chaan lungs.

K spring constant for ribcage stiffnes

J dashpot damping coefficient for viscous resistance

B power af velocity to which damping forc Is proportitonal (annumedi-)

t time

P,(t): external Mir pressure

P(t) internal lung presvire

V(t) gas volume of lungs

I (t) cheat wall piston displacement
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Rore detailed versiosw of this model have been developed which include

variations such a two lungs, a diaphragm, and additional viscous damping 21

but the single- ber model is sufficient for this study. The lung is a go&-

filled chamber camected to the outside atmosphere by an orifice of ares AN,

which simulates the throat passage. A movable chest wall mass acts a a

piston which c€ ron the gas In the lung cavity when acted upon by a force.

The elastic resis tano and viscous damping of the chest tissues are provided

by the spring amd dashpot connected to the chest wall mass. Additional

compression resistance is provided by the gas in the lung cavity.

The system of equations for this model, in centiueter-gram-second units,

are:

d*1 dl dl/dt
d +ddt- , +KX =A(P'-P)

dP P dl 1.334z10' Am a P'-P
- : -I - - iP'-Pe
dt V dt T IP'-Pl

V =V- AX

"where I is the adiabatic gas exponent (rumed to be 1.4 for air).
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The constants in them equations were obtained t: extensive animal

experimentation oan man different sizes of mammals. The atrapolatad values

for humans are given a a'

I a 6.0? lb/in

I a 5.29 lb..

A4 = 0.025 iW

J = 92.6 lb-sec/in

A z 98 in2

Vo = 127 inW.

These equations can be solved numerically to gfve the chest wall

displacement, internal lung pressure, and internal 'ung volume over time in

response to an external load onu the chest.

The external load is determined from the; overpreeu•w-tiue

characteristics of the blnst wave.
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In the simplest case, the person is iasumed to be standing face-on to the

blast source. The loading on the chest piston is given by the Incident side-

of p e plus tae reflected oy-pruwe, acting aver the positive

impulse time too. The ideal pressw-time curve for such a blast wave Is

given by equations 1, 2, and 4. The dynamic effects of the blast mind will be

ignored since this chest model in not very realistic in terms of body

geometry. Rore realistic models can take the dynamic wind pressure into

account2. 2. A listing of the computer program is Included In the Appendix.

A sample run of the computer program Is shown In Figure 10.

3,

1!5 - BLAST OWlC g•8OC-ON)

. . . MCLCCTCVD oVCAPRIC•URC

""--- LUNG PWCUIUNC

I 1

L

a 10 to 30 45

TI•7C (mtge)

Figure 10. Internal lung pressure variation due to blast wave.

peo = 10 psi, too = 4.8 noc.
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The chest model was subjected to an air shock wave of about 10 psi side-

an overpressure and a positive pulse duration of 4£ rmec. The peak reflected

WVe=rssr IS thus about 25 psi. The side-on overpressue blast wave Is

shown on the plot, but the reflected overpressure function Is used to load the

chest-lung model. Both the incident blast wave (side-on) and the positive

phase reflected overpressure are shown in Figure 10.

The lung pressure rises to a peak of about 12 psi above atmospheric

pressure some time after the passage of the blast wave. It than decays and

eventually damps out.

If a blast wave of the same peak pressure, but with twice the duration is

input to the chest model, the lung pressure increases as shown in Figure 11.

30

25 - IL$I* WAVC (iDIC-ON)

. . . mCrLCCTCD OVCRPmRCSUUC

- - LUNG PRCSSUfRCI'/

20-
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0

010• 20 30 1

TIME (msec)

Figure 11. Internal lung presur variation due to blast wave.

pso = 10 psi, too = 9.6 asec.
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The blast wave lasted far a longer time in this case. Its duration was

we comparable to the natural period of the chest-lung system, so that the

chest and lung had mare time to respond to the blast pressure. 'This trend of

increising risk of lung injury for long duration blast waves is well known and

is contained in the experimental data in Figur 5, presented earlier.

The reflected blast overpressure represents the very highest load the

chest might see. For the real human body the reflected pressure would only be

felt on the portions of the body directly facing the blast. Diffracted blast

and side-on loads would be felt on the sides and rear of the chest. The

reflected pressure is used here so that the experimental reflected pressure

fabric data obtained in shock tubes can be used directly in the model.

The internal lung pressures predicted by the model will be used only far

correlation purposes, mostly far comparing different materials. If the actual

lung pressures were needed one would have to use a loading function more

appropriate to the original model such as the side-on overpresure combined

with dynamic pressure loading ,
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ER•MIIB TAL DATA

The mr terial property shock tube data obtained under programs run by the

Valter Reed Army Institute of Resarch (VAI1R) are the best data available for

ballistic vests -* . The same test methods will be applied to a wider range

of materials in this study. lost of the other shock tube studies of textile

materials deal with their attenuation properties for acoustic applications 2 7 .

20

The VRAIR work studied how shock waves were modified by transmission

through fabric layers. Layers of Kevlar4 and cotton fabric were tested face-

on to a blast wave. The side-on overpressure of the incident blast wave and

the face-on overpressure under the fabric were measured. There was a

significant enhancement of the reflected pressure under the fabric compared to

that when no fabric was present. The effect of the number of fabric layers

was tested at several different blast wave intensity levels. Both the cotton

and Kevlarv showed a trend of increasing pressure with number of layers up to

a certain point. The Kevlar4 ' and cloth layer data are shown in Figures 12 and

13.

28



0 0 50 P2 3) 35Pat5 3

Figure. 12. Pressure variation under cloth swatch Vs. number of layers for,
*different side-on pressure levels (pa). C~eference 29, p.43 )

2 5
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200

0 5 10 15 20 25 30 31 4 415 50j
*mber of Loyers

Figure 13. Pressure variation under Kevlar4D swatch vs. number of layers~ far
different side-on pressure levels (pa). (Reference 29, p. 42)
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An maple of a typical pressure trace under a fabric amipla (20 layers

of Kevlare) was shown previously in Figure 2-7. A Wail plot for a test of

a P*SGT vest mounted against a flat plate is shown in Figure 14.

Figure 14. Pressure variation under a PASGT vest mounted over a flat plate.
peo = 2.5 psi, maximum reflected pressure iner jacket = 18 psi.

Vhen data like this are available, it is a straightforward matter to

determine the effect of clothing on internal lung pres e using the computer

model. The reflected pressure measured under the fabric is used to: provide

the loading for the chest piston, rather than the incident blast wave. One can

thus determine the lung pressure increase due to the presence of the fabric.

This determination can be illustrated by iming the data from Figure 14.
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First the ideal blast wave, with a alds-on oveipressm of 2.5 pai and a

positive pulse duration of about 3 milliseconds, I input into the chest model.

The resultant internal lung pressure Is shown in Figure 15.

to

3LA..Slt NIIVE (SIIDC-OWd)

15 * RCTCCIZ5s @VCOMCOMURC

- -- - -- LUNG@ PCUNC

IL

aI a

9 lIU 29l

TIMC (meas)

Figure 15. Chest model loaded with ideal blast wave from Figure 14.
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Sext the sane blast wave of Figwre 14, transfrmWed by pwaing thrmoh a

PIMT vest, Is used to load the computer model.

PcMc UNa"N rAMc

Is LAMG PM2UMMC

0 . .---------lq

aas

TIMC {MIO€)

Figure 18. Chest'model loaded with mas e u pulse under A P T
ballistic protection ves.

The difference in the two plots is quite noticeable. The reflected

pressure under the fabric rises such more slowly than the sharp-rsng shock

front of an ideal blast wave. The chest-lung system has mare time to respond

to the transformed blast wave and so it shows a higher response when the

PASGT vest is present.
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The sane type of compersax can be Aade for the shock tube testing of

cattom cloth fabric. For an ideal blast wave nearly Identical to that in

Figure 15, a cotton cloth fabrl, sample 30 layers thick resulted Is a mNsurd

reflected ompzrne under the sample of about 14 psi. The response of the

cheat model to this Iced is shown In Figure 17.

IS --- LUNG POCSSURC

tit

- ,.

o -.

"" -- . . ! - - - i |

TIME (mege)

Figure 17.' Chest model loaded with pressure pulse measured under 30 layers
of cotton cloth. Blast wave side-on peak overpremsuream 2.5 pas.
Raxnmum pressure under cotton cloth = 13.8 pst.

Compare Figure 17 with Figure 16. There isn't much difference betwee

the two. Seversl layers of cotton cloth enhance blast effects almost an much

as Kevlar* cloth does. It may be that the material of which a vest is made is

-insignificant when ctmpared to other factors, such as the number of layers and

the apparent density of 'the fabric stack.
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The kWn of data used above Is very woeful, but It exists only far

KevlarO mad cotton cloth. lasa for acquiring aedata onballistic

protection vest materials wll be discussed later.

MSH OF UP3IRNEITAL DATA El COMM NODEL

One more ezample of the use of experimental data in the computer model

will be given to help illustrate the modells usefulness.

As previously discussed, VRIIl performed a study is which human

volunteers were exoed to low level blast waes. Their internal lung

pressure was rec= ed during the testm. The test onmdition is which

volunteers wore PAMT vets resulted in the highest internal lung prssmures.

VRAI! also funded a study by JAYCOR it which a PASGT vest was tested in

a shock tube**. In that study the transformed pressure pulse after pimig.

through the PASOT vest was recorded.

By combining these two sources of data, ome should be able to compare the

pradi.tod lung pressure response from the computer program to the l aum

lung pressure respcmee from the ViAIl study.

Prom the volunteer study', the Incident ove-pr-suzr level woo 2.? psi

and the positive phae• duration wea 4.8 msec. This is the isput blest wve

for an unprotected human. If the side-on overprsaure wave to used to load
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the computer chest model, the peak Internal lung prswsum Is about 1 psi, which

is clas to the value m easurd for voluntwere wearing only fatigues, which was

I.O psi +/- .102.

Iowever, the PABOT shock tube data from JAYCOR o measured against a

rigid plate. It Is 'mre appropriate, therefore, to load the hums chest model

with the nlladtd pressure to facilitate comparison with the 1AYC(R data.

Figure 18 shows the chest model ltaded with the reflected overpret u

resulting from the incident blast wave used in the VIRAMI volunteer study.

|0,,

as

.U."?; . ... calm-led)

is~ ~ PmP~ec wve * uoe-sp

- - -LYN$ PtOISOJR

r

III

Figure 18. Chest model loaded witb blast wave; pao=2.7 psi, toa- 4 .8 awe.

IKainum lung overprImure about 2 psi.
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The pink internal lung pressue is about 2 psi. This rapressta the

mprotcted human chest respose.

The chest load for the cme of the human chaet cove:ra by a PABrT vest

c be determined from Figure 19. This figure is data generated by JAY=R, In

which an instrumented dummy weastg a PAS7T vest was subjected to blast. The

pressure variation between the cheat and the liser layer of the vest wa

measured far different blast levels. The curve corresponding to the one

where a labcost asd a t-shirt were also under the went was chase as

correspoanding most closely to the volunteer study caditions, is which fatigues

were worn under the vest.

K-

0
0

i

o *1 Iq•

ItS

Figure 19. Effect of Kevlars jacket on mannikin chest wall pressure.
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A trzasformed pressure pules, with a peak presmsre of 12 psi, and

estimated duration of 3 milliseconds, is used to load the chest model. Thim

load represents the equivalent lomd felt by the people in the TRAIR voluntee

study when wearing the PASGT vest.

ao

Is -a.PRS-*

.......... tU•

I

0 i .. . . - -."

e IS aa

TIMC (meeo)

Figure 20., Chest wall model subjected to blaot wave transformed by passage
through KevlarO vest. Nazinum lung prsure is about 3 psi.

The I increase between the peak internal lung pressure of the unprotected

chest model and the chest model covered by a Kevlare va is about 50%. The

measured increase in the peak lung pressure for the people in the volunteer

study wearing 1evl•ar 4 vests was about 20%.
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This lack of precise agreement shows that the numerica model Isn't a

good predictor of the actual lung pressure in human subjects ezpaesd to low-

level blast waves. Several eourcs of possibl error is this amaple are

present, but the main purpose is to illustrate that the model does work well

enough to illustrate the effect of different vest materials on chest rqsmpse

to blast waves.
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4. PLARS

83= TUBE DATA

lore shock tube data on candidate ballistic protection vest materials Is

needed. ViAIR% capability for this type of testing will be used to determine

the response of several fibrous materials to high-intensity short-duration

blast waves. ViA • has a blast wave generatmor which can generate

overpressures of 60 to 375 psi with blast durations of 0.5 to 1.0 msec. These

are quite short blast durations -- battlefield blast threats would typically

have much longer positive phase durations. VRAIR also has a 12 inch diameter

shock tube, which can generate blast waves with intensities of 20 to 30 psi

and durations of 6 asec. This blast duration is more realistic in terms of

real-world situations.

The VIIIR blast wave generator or shock tube will be used to characterize

6 cloth materials: Kevlar@ 29 and 49, ballistic nylon, cotton, lomeri, and

SpectraG. The cotton cloth is included to help in comparing the data at the

short blast duration tines to the JAYCOR data gathered previously.

The testing will follow the approach used by JAYCOR•2 . The reflected

pressure under a fabric layer backed by a rigid plate will be measured. These

measurements will also be made for fabric stacks of various thicknesses.

Various fabric combinattons may also be tested (i.e. layers of different

fabrics tested together).
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More JATCOR test data on fabrics may become available during the course

of this project. VRA IR is continuing to fund blast overpres injury

research, and in particular is continuing to fund the modeling and testing

efforts of JAYCOR. The VIAER contract with JAYCOR will include more materials

tasting.

Same shock tube testing can probably be done at latick. The appropriate

pressure transducers, amplifiers, instrumentation, and presmsuized air systems

needed for a shock tube already exist in the ballistics lab at Natick. The

shock tube itself can be easily made out of any kind of pipe. Additionally,

the U.S. Army Laterials Technology Laboratory (ITL) was involved in shock tube

testiag several years ago. It may be possible to acquire leftover shock tube

components from XTL, or it may be more convenient to do the testing at NTL.

The primary source of shoc-k tube data would be VIAIR, supplemented with

JAYCOR material property date and any generated at Jatick or XTL. The

latick/ITL data would extend the testing over longer duration blast waves than

is the case for the WRAIER or JAYCOR blast wave testing.
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FABRIC ATER IL PROPERTY ]MASUREZNETS

Neasuring fabric response to blast waves, generated in shock tubes seems

to give good results, but the testing is time-conmng, expensive, and

applicable only 'to, that fabric.

One way to get around the expensive empirical testing approach is to

model the response of compressible materials to air shock waves. The Russian

work on numerical modeling -has already been mentioned as one promising

approach:°., The modeling is only useful, though, if pressure vs. tine

information can be obtained. Since the shape of the pressure pulse is so

important, a modeling, method that only gives the peak amplified pressure under

the fabric would not be very useful. The Opseudogasw approach may work only

for materials of low density. The polyurethane used in the Russian work, for

example, had a density of about 3 lb/ft3 . while stacked 1evlar 4 29 fabric has

a nominal bulk density of about 40 lb/ft* . The order-of-magnitude greater

density of IevlarU' fabric may render the pseudagas assumptions invalid for

ballistic vest materials.

Another way to get around shock tube testing is to find some other set

of material properties to help predict the blast transmission and attenuation

characteristics of poro'•/compressible materials. Of course, just trying to

correlate properties witnaut any physical rationale is pointless.

An air shock wave impinging on a compressible material can be thought of

in some %ays as a solid object. The material compresses under the influence

of the shock wave to a higher density. This compression is influenced by the

41
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material itself plus the air trapped inside. The compressive modulus of a

stack of fabric will thus be dependent to a large extent on the amount of air

trapped within the fabric. The compressive modulus of fabrics will also be

very rate-dependent. Neasuwements of static compressive modulus, where the

trapped air does not contribute to the material's mschanical response, do not

take loading -ate effects into account.

Fabric stack compressive properties will be measured at very high loading

rates at KTL. This should provide information on fabric bulk modulus and

compressibility at loading rates more comparable to those seen during shock

wave compression. It may be possible to combine the mechanical property data

with the calculated material acoustic velocity and material shock wave

velocity" to predict roughly the pressure pulse amplification of specific

fabrics.
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5. CNCLUSIONS

Soft body armor does not protect soldiers from blast effects. The

present soft body armor may actually increase the risk of blast injury.

Protecting soldiers against fragments Is the most important function of body

armor. lay changes to the present vest design to lessen blast amplification

effects must not compromise the fragment protection function of the vest.

Changes to the present ballistic protection vest fabric material are

unlikely. Even if other materials are found 'which perform better at decreasing

the coupling between blast waves and the human body, it is doubtful ttey could

compete with KevlarD for ballistic protection applications. Testing on other

materials will aid in the determination of which properties of Kevlar4D are

most important to the blast amplification effect.

If the response of layered fabrics to air blast can be understood, then

approaches to lessening the coupling effect can be taken. For example,

layering different fabrics in the vest could be explored. Different fabrics

inside the vest, or on the outside or inside of the vest, night change the

coupling process between the KevlarD layers in a beneficial way.

Another approach would be to incorporate rigid elements into soft body

armor. Rigid plates in the PASGT vest seem to reduce the blast amplification

effect 2 g. This approach is taken in the Explosive Ordnance Disposal (EOD)

Suit. The BOD suit uses Kevlar4 extensively, but also incorporates fiberglass
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plates which eliminate blast amplification in addition to providing

fragment protection.

The most pressing need Is to understand the attenuation and transumssicn

of air shock waves through layers of fabric (Kevlar 4 in particular). ldven if

changes to the present PLMT vest turn out to be impractical, the information

gained will be very useful in terms of threat and casualty atsesenots. At

the present time, overpres-ure zpoaswe limits are based on unprotected

personnel. Knowledge of the interaction of shock waves with vest materials

will allow the presence of fabric layers over the human chest to be taken into

account when preparing new safety criteria and blast overprssure elposae

limits.

This docuuent reports research undertaken at the
US Army Hatick lesearch, Development and tnuineering
Center and has been ecaigned to. KATZCK/TR-ý/ W

in the etries of reports approved for publication.
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APPETDIZ

BASIC Program of Chest-Lung Model

M11 BLAO PROGnE

DIX P(1200.1), T(1200,1),F(1200,1),I(1200,1),?t 1 120091)sFf( !200.1)

DIX Feo(12001,1),Pfalee(1200,1),Tfalse(1200,1),F 1(1200,1)

I ~ ORI IQUAT IONS*e**##.***** I

Twind - .06

Idp- 10

D-Twirid/]Fp

Gaw= 1.2

Par-14. 7

Ppo1. 0133H+6

S-=1.0

Constml. 334B+7

To=3.

Pso=2.5

Pro=2. #Pso4 (8. Pso*Pso)/(Peo+103.))

Pdo=2O.

X=5.29

G--8. 17

Ah=. 025

A=98.

Vo= 12?.

[k=K#l. 751+5

FaFX*453. 8

Gg-=2. OSQR (Xk#I.) 0

Aab=b#6. 4518

Aa=A8. 4518

Vvo=Vo*i8. 3871

GIVl?
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PRINT 'DO YOU WANT A PLOT? 1r 1 FOR TIS.8

INPM Zuss

IF Zzzzwl THEN Drawing

GOTO Screen

Dmawing: PLTTrM IS 705, 'EPGL8

OUTPUT 705;8'V56

Screen: 14gdu...mzlOO*AX (1, RATIO)

Y..gu...z100*NAI (1, 1/RATIO)

PRINT GDO YOU VAST BLAST VAVES OR ARB ITRARY PULSES?'

PRINT u II1PUT I FOR ARBITRARY PULSES'

INPUT Plots

WIRG 6

CSIZE 3.3

DEG

LDIR 90

CSIZZ 3.5

JKIVE 0. t-du...iz/2

LABEL OVERPRESEUE (peD

WIRG 2

LDIR 0 JK)VE 14..du-mz/2. 2, 07@Y..du....m

LABEL 0TIIE (inec)'

VIEMPRT . l*X...du-m..j.9901..gdu...iz, .15eY-gdu-mz, . *Y..gu..

VINDO -5.20,-5.20

FRAMl

WIRG 8

AIES 1. 1,-5,-5.5.5.3

r'LIP OF

CSIZE 3. 0,.5

L InE TYPE 1

LONG 8

FOR 1S0 to 100 STEP 10

YRM 1.-5.20

LABEL USING UKI;I

NEXT I

WiRG 8

FOR 1=0 to,50 STEP 5
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2ME -5.20, 1

LOWEL USING ODr

AmE 0.0

POR J-1 TO 1

CLIP On

caIZE 2.5,.75

PRINT 8VERB IS LABEL I WCrATION?O

INPUT Labi

PRINT WERB IS f LDCATION?0

INPUT Lab2

PRINT *VHAT IS SPACE APTER LINE STXBOL?w

INPUT Spc2

PRINT OVEAT LINE LElGTH?O

INPUT Spcl

PRINT 'OVAT IS SPACING BETVEEN LABELS?s

INPUT Spc3

LORG 2

LINE TYPE 1

MOVE Labi, Lab2

DRAV Labl4tSpcl, Lab2

MOVE Labl4Spcl+Spc2, Lab2

LABEL OPlESSUR UNDER FABRIC"

KITE Labi, Lab2-Spc3--Spc3

LINE TYPE 8,10

DRAV Labl+Spcl. Lab2-Spc-3-Spc3

KIELabl+Spcl+Spc2, Lab2-Spc-3-Spc-3

LINE TTPl 1

LABEL * LUNG PRESURIE

EVE 0,0
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URENA+TUU ON PULSE G1ENUAI(JR#*f.nfn..m.

IF Ploatw4. THEN GOTO Arbitrary

I f*"**"**"*BLAST VAV1US~*On***f**

If *.iSD ON *Sfii*f

FOR I=1 TO Np

Tt (I, JW=ID

T(I,J)=TtCIJ)#1000.

Ff(I,J)=F(I,J)fG8g47.O

17 M) THiEM GOTO Initial

DRAW 0. Pso

Initial: PLOT T(I,J),Pso(I.J)

NEXT I

GOTO Real

!113 THIS IS THE ARBITRARY PULSE SHAPE GEIRRATORI

Arbitrary: PRINT OVHAT IS PULSE AEPLITUDE (PSI) ?w

NPUTr Aupl

Rpee=Anpl /2.

PRINT OVHAT IS PULSE BASE VIDTH (XS=) (PERIOD) ?s

INPUT Tee

Rbee=360. /Tee

FOR 1=1 To Np

Tt(I.i)=I#D

T(I,J)-Tt(1,J)01000.

T(1.1)=0.

Tfalse(I,J)=kT(T,J)

P(I,J)a~Rpee*SIl(Rb~ee#T(I,J)-90. )4Rpoe.. 9 9

IF Switch~l. THEN P(I.J)=0.

IF 1(0 THEN GOTO Ploytff

IF F(IJ)(. THEN P(I.J%=O.

IF F(I,i)=0. THEN Owitch =1.

Plotff: Ff(I,J)=1(I,J)§8947.6
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LIES TYPE 1'

PLOT? Tfalee(I,i),F(I.J)

Lasrti: UUM I

GO TO Luugtrace

t ***"**#IFEnCm VRRESR "*D" *

Real: FOR 1=1 TO Np

amE 0.0

LIII TYPE 3.3

IF 1)1 TME amT First

DRAY 0, Pro

First: IF F(I,J)<O. THEN G070 Last

PLOrT T(1,J),PIQ, J)

Last: IMX I

1 **e**e**f***LUI1G RESPONISE W)DELS*ee*e*Ie*

Lungtrace: 12=0.

P2=Ppo

mmV 0,0

LIIE TYPE 8, 10

Qq=1. 334E+7

FOR I=1I TO Np

Vv-Vvo)-AaIX2

Delp=Ff (I,J)+Ppo-P2

Dptru0O.

IF Delp>0. OR Dslp(O. THEN Dptru'=Delp/((SQR(ABS)Delp)))

Id= (fl-Il +DOD (An*Del p-Gg*1d-1k012) /In.

P3--P24D@ (GauOP2@IdO*a+Qq*AheDptru) IVy

ICI,J)=13/2. 54

M(, J)- (P3-Ppo) /68947.68

IF Plots =I. Til TUI,J)=Tfalse(I,J)

PLOT1 T (1,J), P (1,J)

X1=12

12=13

P2=P3
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*',. 7' - - *-

I.4

UrNIT I

LInE TYPE 4,2

Em -10,0

DRAV 100, 0

END
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